General features of toxicological assays based on living cells in culture
It has to be recognized that, even though the term "in vitro assay" is commonly used, single cells are still highly complex, constantly regenerating and reforming biological systems. Consequently, they provide many detectable toxicological endpoints, ranging from simple plasma membrane integrity to cellular regulation and signaling, as represented by phosphorylation of specific cell-stress related enzymes. Cellular markers and indicators of necrosis/oncosis, apoptosis, physiological stress and genotoxicity may be used to detect and quantify basal toxic effects. In addition, specific responses of cells indicate inflammation, genotoxicity, carcinogenicity, effects on cellular signal transduction, and immunological as well as hormonal responses. Depending on the experimental situation, basal and specific toxic effects may overlap and interfere on the level of measurement endpoints, which has to be especially considered in the analysis of specific toxic effects. Observed results are thus linked to a defined experimental situation, and their scientific significance is greatly dependent on knowledge of the current underlying cellular prerequisites, interactions and factors.
Introduction
The increasing reliability and sensitivity of experimental methods based on isolated living cells in culture make these assays applicable for the use in support of environmental toxicology, where they serve as a complementary method
Methodical strongholds and advantages of cell based in vitro experiments
Among many advantages of in vitro test systems -ranging from well controllable conditions to good scalability and lack of ethical limitations -one specifically strong methodological asset, especially important for the analysis of toxicological mechanisms and pathways, has emerged as a possibility to easily introduce genetic modifications on a cellular level. Knockdown of specific cellular proteins, introduction of functionally-dominant negative forms or modified binding sites of proteins represent very reliable tools to identify the molecular mechanisms behind toxin effects. As well, the experimental expression of labeled proteins and introduction of other genetically modified probes and reporters represent very effective strategies to pinpoint and analyze toxicological mechanisms. However, the options to experimentally modify cellular pathways and functions come at the price of peculiarities, limitations and caveats that have to be considered in the conceptual outline of an in vitro experiment.
Dose-response relationships cannot be directly conferred to the human system
One important limitation of the simplified biological in vitro systems may be given by the rather distorted picture of relevant toxin dose-response relationships when compared to the conditions found in the human body. In vitro cell models lack basic mechanisms of resorption, metabolism, toxicokinetics, toxicodynamics and tissue remodeling, as observed in functional organs or organisms. This is true for in vitro assays based on human as well as animal cells, and results obtained from such models alone are thus seen as simple indicators of potential toxicities in related organisms. Animal models, and more recently also mathematical toxin metabolism models, are used in parallel to estimate in vitro to organism dose-response scaling factors and to gain better information of their relevance for the conditions in humans [2] [3] [4] [5] . In addition, ongoing efforts in tissue engineering are pursuing cellular in vitro systems with properties close to those found in organs [6] [7] [8] [9] . However, in an environmental context, epidemiological data, as derived by biomonitoring of relevant markers in combination with acquisition of external conditions (e.g. of air or water quality), may also provide valuable, and sometimes even superior, dose-response scaling estimates. In many cases, in vitro experiments are performed to test a hypothesis that already has a sound epidemiological background.
Thus, in the field of biomonitoring and depending on the actual given context, this limitation of cell-based in vitro methods may be less significant as, for example, in drug risk assessment.
Cell numbers do matter
Typically, cell-based experiments are performed using a (sub-)population of cells in culture. Single cells within these populations are usually not perfectly synchronized regarding cell cycle status. Most experimental results have to be seen as a general cell-population mean with variable deviations in single cells. If the total cell count falls below a critical number, the genetic pool of dividing cells gets narrowed and the phenomenon of clonal selection may drive the derived population towards a specific genetic type, which may then show functional features that are different in the original population. Sufficient cell numbers per experiment, and in continuative culture, are therefore often the key to stable and reproducible results.
Time is ticking for cells in culture
As toxicological testing requires experimental systems that are comparable and reliable over a longer time period of multiple consecutive assays, stable cell culture conditions are generally desired. However, most immortal cell lines, and typically even more explanted tissue-derived cells in culture, tend to progressively de-differentiate over time with increasing number of cellular divisions. A further general limitation of cellbased toxicological experiments is given by the fact that the toxicological exposure times are restricted by the time a cell population can be kept vital and stable in culture. For most cell lines, this is in the range of days or weeks, but long-time exposure of a single (one generation) cell population may be out of reach for many cell culture systems. Cell-based in vitro toxicological experiments are therefore restricted to a timeframe that is narrower than typically given in animal-or human-based studies, and sets experimental limits to applicable toxin exposure times.
Cell lines are special
Immortal cell lines generally show morphological and functional features that deviate from their tissue-derived predecessors. Isolated cells very often display a generally reduced metabolic activity and/or utilize deviant metabolic pathways which have direct consequences for most biochemical viability assays. This altered metabolic activity is, to a large part, influenced by cell culture conditions that have a direct impact on toxicological endpoints; this is most prominently visible in the presence of high glucose culture media, inducing the Crabtree effect (see section 3.1.3, second paragraph) [10] . In-line controls, appropriate standardized procedures, and approved culture protocols are thus essential to obtain comparable results and stability in consecutive experiments.
The physical environment of cells in culture typically differs from conditions in tissue
Some technical challenges may arise from the physical properties of environmental xenobiotics upon application in cellular test systems. In most cases, the interaction of toxins with cells in culture initially takes place at the hydrophilic-to-lipophilic interface between the culture medium and the cell plasma membrane. Experimental toxin potency is therefore often critically linked to rather complicated solubility requirements in both compartments, and has to be facilitated by use of solvents like dimethyl sulfoxide (DMSO) or ethanol (EtOH). This use of solvents requires additional control experiments to exclude vehicle-induced effects. OECD guidelines (Sections 1-5, ISSN: 2074-5788) [11] suggest that the total amount of organic solvents should generally not exceed 1%, and that of hydrophilic solvents stay below 10% of the incubation volume. Testing native atmosphere and other gaseous specimens is also challenging on a technical level; replicating exposure in the respiratory tract of humans is more difficult in cell culture, where often a comparable large volume of medium is interfering and limiting the gaseous exchange. Recent sophisticated methods, like biphasic cell culture on microporous membranes, allow for more direct exposure at an air-liquid interface, and a better resemblance of the conditions in the respiratory tract [12, 13] .
Despite many restrictions and experimentally unwanted deviations from cellular conditions in tissue and bodies, the numerous advantages of cell-based in vitro experiments are currently utilized in several forms and approaches, to detect and analyze biological effects induced by xenobiotics.
Cell-based in vitro methods in environmental toxicology
The following overview on methods is generally focused on validated approaches for in vitro test systems, and systematically based on the cell physiological endpoints that are utilized. Commonly-tested endpoints are categorized following a generally accepted convention in basal and specific readout parameters, depending on their ability to indicate either general cellular viability or defined functions.
This review can certainly not provide a complete list of methodological possibilities, as there are an almost unlimited total number of potential cellular endpoints, and novel forms of in vitro toxicological assays are continued to be introduced.
Basal toxicity endpoints
Basal toxicity is a term that sums up different toxic effects that ultimately lead to a form of cell death -in most cases, necrosis or apoptosis. Experimental assays that quantify these effects may thus be seen as cell viability tests, and readout parameters are either produced by still vital (i.e. cells in morbidity state) or already damaged cells.
Non-specific methods to analyze basal toxicity endpoints
The technically-simplest forms of cell viability estimations may be achieved by characterization and quantification of morphological indicators of toxicity, like the formation of vacuoles, cell surface blebs, apoptotic particles, and nuclear fragmentation. Microscopic investigations of cellular toxicity may utilize white light and fluorescence microscopy, but also electron microscopy [14, 15, 16] . Light microscopy is typically used in combination with specific dyes for visualization of cellular structures. As an example, Feulgen nuclear staining represents a general method of nuclear/DNA staining used for imaging in microscopy, histology and flow cytometry, and is considered as a gold standard in investigations of apoptosis. Feulgen staining utilizes acid-induced hydrolysis of the cellular DNA, enabling the aldehyde groups to react with fuchsin to show an intense reddish color [17] .
However, extended visual microscopy screenings may require a form of electronic image analysis to obtain standardized evaluation values from larger cell populations [18] .
Other methods are based on biochemical indicators and dyes, which can be used in photometric devices or in flow cytometry to determine the viability and toxicological status of cell populations.
Viability: proliferation
Sulforhodamine B-stained cells are used in a form of a calorimetric assay to determine cytotoxicity effects on the total protein content of a cell population (SRB assay) [19, 20, 21] . The obtained results are reported to be linear over a 20-fold range of cell numbers, and the sensitivity is comparable to those of other fluorometric cytotoxicity methods that are often more time-consuming and expensive [22] . A specific endpoint is provided by the E-SCREEN assay, an in vitro model used to detect xenoestrogen activities, which utilizes the SRB assay to analyze the xenobiotic hormone effect on proliferation of human breast cancer cells (MCF-7) [23] .
A general proliferation-related readout, which may be used in toxicological in vitro tests, utilizes the fact that the cytosolic fluorescence of a labeled parent cell is proportionally reduced after cell division and separation into two daughter cells. This approach is often more accurate than simple cell counts, as cell density is often variable and reciprocal to proliferative activity in cell culture [24] . A common dye used for this assay is carboxyfluorescein diacetate (CFDA), which has been reported to provide a better resolution than alternative membrane markers like PKH26 [25, 26] . Profiles obtained by these assays typically show multiple generation-dependent peaks, defined by fluorescence and cell numbers. Especially in the investigation of cancerogenic toxins, silver-staining (AgNOR) based on argyrophilic nucleolar organizer regions are also used for quantification of cell proliferation [27, 28] . AgNORs are nucleolar components containing a set of proteins, which can be selectively stained with silver. In continuously growing cells, AgNOR abundance is strictly dependent on the cell duplication rate. To handle analytical uncertainties due to weak signals and unspecific precipitations in the original AgNOR protocol, optimized procedures have been suggested [29] .
Information about cell viability can also be retrieved in form of an electronic signal. Biomass probes allow for monitoring of cell viability and count in culture, by measuring the overall sum capacitance of the plasma membranes. These probes are placed in the medium of culture dishes or bioreactors, and provide a real-time value for the current culture content of viable cells after calibration for cell type-specific parameters [30] .
Viability: metabolism
The most common in vitro viability assays are tetrazolium-based calorimetric test systems [31] , utilizing MTT ((3-(4, 5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide), see OECD guideline 491 [32, 33] ); XTT (2,3-Bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide) [29, 34] [38] . MTT requires special dye solubilization steps as a part of the staining procedure. XTT and MTS have been reported to have a better solubility then MTT. Depending on the required incubation time and cell system, MTS was reported to be more stable than XTT [39] . The tetrazolium derivatives are reduced in cells mainly by dehydrogenase enzymes, producing intracellular formazan products of specific color that can be measured photometrically after solubilization. The activity of the dehydrogenase enzymes requires NAD + or NADPH as co-factors, and can therefore be seen as metabolic indicators of cell proliferation. As the result depends on mitochondrial integrity and activity, the sensitivity and general outcome of these assays is dependent on the cellular metabolic activity. Consequently, companies provide optimized tetrazolium assay kits that already include some enzymatic enhancers like NADPH to improve assay sensitivity. A liver tissue-derived preparation of cytosol and microsomes (S9 fraction), in the form of a supplement to cell culture media, can be used to introduce, complement, or enhance the activities of metabolic enzymes and their effects on xenobiotics [40, 41] . S9 fraction contains cytochrome P450 and phase II transferases. It is used as a supplement in cell toxicity assays, despite the fact that it represents a rather crude preparation which adds enzymes and other factors to the test system without real quantitative control.
Mitochondrial activity in cell culture cells has been shown to be greatly reduced by high glucose-containing culture media. This effect is known as the Crabtree effect, and was first described in yeast. The presence of high glucose suppresses the genetic expression of respiratory enzymes, leading to a significant reduction in mitochondrial oxidation, and consequently to alcoholic fermentation even under aerobic conditions [42, 43] . This (experimentally rather unwanted) metabolic situation also affects the activity of cellular P450 cytochromes that are utilized in assays as indicators of apoptosis/necrosis. It has been suggested that this is preventable by using galactose-based culture media [44, 45] .
A related phenomenon is known as the Warburg effect [46] , which describes the very high glycolysis level in malignant cells, reaching a 200-fold excess in fast growing tumors. It still has an unclear causal base. The Warburg effect is relevant for many cell lines that are based on highly-proliferative cancer cells, as they show clear metabolic differences to their normal tissue-based relatives [47] .
Mitochondrial cytochromes of the P450 family represent enzymes that are today seen as cell-signaling proteins at the molecular crossroads between necrosis and apoptosis [48] . Mitochondrial P450 cytochromes (CYP) are directly involved in detoxification of xenobiotics (phase I of detoxification). After their release to the cytosol, they take a central role in the cellular signaling pathways leading to apoptosis. Consequently, CYP activities and release from mitochondria are utilized as enzymatic markers for toxicity-induced cellular decomposition pathways. An EROD (7-ethoxy-resorufin-O-deethylase)-based assay is specifically used to quantify cytochrome P450 monooxygenase 1A (CYP1A) activity [49] . This assay has been extensively utilized in studies regarding persistent organic pollutants (POPs), as its mitochondrial endpoint pathway is closely linked to the aryl-hydrocarbonreceptor (AhR), the primary molecular target of several important environmental toxins. It has been reported that in the EROD assay, the S9 supplement might have an additional direct inhibitory effect on the resorufin fluorescence, and should be used with caution in this approach [50] . Like in the EROD assay, cytochrome activity can be measured using other fluorescent substrates, and specific assays are available for different enzyme subfamilies and polypeptides (CYP1A2, CYP2C19, CYP2C9, CYP2D6, CYP3A4) [51, 52] . Moreover, liquid-chromatography/mass-spectroscopy (LC-MS/MS) can be used to detect and quantify specific cytochrome/substrate reactions (CYP2B6/bupropion, CYP2C8/paclitaxel, CYP2C9/tolbutamide, CYP2C19/Smephenytoin, CYP2D6/dextromethorphan, CYP3A4/ midazolam, CYP3A4/testosterone) [53] . Another viability-related readout of cellular metabolism is represented by cytosolic ATP, which can be detected and quantified by luciferin/luciferase assays and enzymatically induced fluorescence [54, 55] . A common limitation of most metabolism product-based viability assays is the fact that effects due to apoptosis can, in most cases, not be clearly separated from necrosisinduced cell damage.
Apoptosis
Caspases represent a group of protease enzymes which allow for a controlled degradation of cellular components during apoptosis [56] . Caspase-3/7 enzyme activity assays (apopain and CPP32 assays) are fluorescence-based test systems designed for quantification of apoptosis [57, 58] . Different probes have been developed to quantify caspase activity, including Förster resonance energy transfer (FRET)-based systems [59] and rhodamine-110 labeled substrates [60] . One of them utilizes the substrate N-Ac-DEVD-N'-MC-R110, which upon cleavage by caspase-3 or caspase-7 generates a fluorescent product [61] . A further specific cellular apoptotic marker protein is phosphatidylserine (PS), which appears predominantly on the cell surface of apoptotic cells. PS can be detected by fluorescence-labeled annexin-V, which binds PS with high affinity. Fluorescent annexin-V-labeled PS is often used in combination with nuclear dyes to discriminate and quantify necrotic and apoptotic cells, commonly by flow-cytometry [62, 63] .
Necrosis
In contrast to endpoints of apoptosis, which are not always clearly correlated with the final cellular fate, necrotic cells show very specific features that can be detected with comparably little technical effort. As a loss of integrity of the plasma membrane is seen as one of the hallmarks of necrosis, the uncontrolled and enhanced trans-membrane flow of cytosolic elements or indicator dyes are used as endpoints. Common dyes used in toxicity tests are neutral red [64] , calcein AM [65] , Evans blue [66] , trypan blue [67] , or methyl violet [68] . DNA stains like propidium iodide, DAPI, SYTO 9, or resazurin are often used in combination with fluorescent dyes like fluorescein diacetate (FDA), which are metabolized in the cytosol, in a vital fluorescent double staining [69] . Anyway, the choice of the optimal dye to quantify cell necrosis will finally depend on the cell type of interest and the required assay sensitivity.
In addition to visual dyes, a chromium-51 release assay has also been established for cytotoxicity studies. Cr-51 is quantified in the supernatant of previously-labeled cells using a gamma or scintillation counter, and provides a rather physical view of cell membrane permeability [70] [71] [72] [73] . The uridine uptake inhibition assay is a further cytotoxicity test system that is originally based on cellular tritiated uridine uptake, subsequent chromatography and measurement by scintillation counter, but has been modified to give a faster procedure by using 96-well plates and a top count reader [74, 75] . In this test, unlike in membrane permeability based assays, the toxin-induced uptake inhibition level is quantified. It is typically used with cells in suspension, but can also be used in adherent populations. However, in most cases, methods based on fluorescence may provide similar or even better results in terms of reliability and reproducibility with less technical effort. Thus, for typical scientific applications, fluorescence-based analysis of necrosis is more common, while automated protocols have been introduced for the uridine uptake assay that allow for high-throughput screening [76] .
A combined picture of membrane permeability and metabolic activity is obtained by LDH release assays, which utilize above-mentioned tetrazolium derivatives to detect and quantify LDH in the supernatant of cultured cells [77] . This method, like most calorimetric membrane permeability measurements, offers a very cost-effective and quick method that is suitable for use in toxicological screenings. However, in most studies, such general overviews on cell viability do not provide insights on the underlying pathways, and thus require further analysis of the specific mechanism in addition.
As experimental positive controls in viability assays, ionophores (typically in form of bacterial antibiotics) can be used to induce necrosis at high concentrations, apoptosis at medium concentrations, and cell cycle arrests at low concentrations (absolute values are cell type-dependent) [77] . Commonly used examples are staurosporin [78] and ionomycin [79] , a well-known cell Ca 2+ -mobilization and entry-inducing substance. Another common experimental stimulus for necrosis is H 2 O 2 [80] , while camptothecin may be used to specifically elicit apoptosis [81] . Apoptosis can also be experimentally induced by application of the physiological ligand TNFalpha in combination with cycloheximide [82, 83] .
Genotoxicity
In addition to metabolic and proliferative indicators, a further important basal endpoint is found in toxicologically-induced damage of the DNA. A variety of different techniques is utilized in this field, ranging from visual/microscopic analysis to biochemical measurements of DNA repair mechanisms.
A technically simple but reliable test for genotoxicity is the micronucleus test (OECD guideline TG487) that requires a nuclear staining and subsequent microscopic analysis, and can be generally applied in vitro as well as in vivo [84, 85, 86] . The test is more or less a visual screening and quantification of micronuclei in cell populations, as their presence is an indicator for a failed incorporation of chromosomes into daughter nuclei. This is accepted as a general indicator of compromised chromosome integrity and genotoxicity.
Exposure to genotoxic substances often compromises the integrity of the nucleus, and the fragmented DNA can be detected by gel electrophoresis in form of so-called DNA ladders. A specialized assay that utilizes this toxic effect on DNA for quantification is the Comet or single cell gel electrophoresis assay (SCGE) [87, 88, 89] . As already indicated by these terms, complete single cells are here positioned in an electrophoresis gel; an applied electric field causes existing DNA fragments to be pulled out of the cells, which resemble the shape of a comet with its tail after DNA staining. This method can be applied to small cell numbers, but typically requires a form of digital image analysis to translate tail size and shape into meaningful numbers.
Toxicological modification of DNA on a chromosomal level is commonly investigated using the fluorescence in-situ hybridization technique (FISH) [90, 91] . In this assay, rRNA of fixated cells is hybridized using a fluorescent nucleotide probe, which only stains complete signature sequences. FISH is generally used in karyotyping, cytogenotyping, cancer diagnosis, species specification, and gene expression analysis, and can be combined with the Comet assay to obtain a sensitive measure of DNA damage [92] . This combined Comet/FISH has, for example, been utilized for the quantification of UV light-induced effects on cellular DNA [93] .
Sister chromatid exchange analysis (SCE, OECD guideline TG479) measures the interchange of DNA replication products at homologous chromosomal loci. It is an approved indicator of DNA damage and is mainly performed by differential bromodesoxyuridine (BrdU) staining of sister chromosomes, which can be achieved in staining steps at two sequential cell cycles. Another approach is used by the unscheduled DNA synthesis test (UDS, OECD guideline T482) that quantifies DNA repair induced by toxic substance exposure and subsequent damage [94, 95] . This assay is typically based on the cellular/nuclear incorporation of tritium-labeled thymidine, 3H-TdR, which is measured autoradiographically. The UDS test can also be applied in vivo. A yeast-based fluorescence reporter assay for genotoxicity, termed GreenScreen, was introduced especially for application in high-throughput test systems [96] . The endpoint of the test represents chromosomeand DNA-metabolizing enzymes of yeast, as indicated by GFP-labeled expression reporter. As a recent variation of this assay, GreenScreen HC has been established that uses human lymphoblastoid cell line TK6 as a host for the GADD45a-GFP-reporter, indicating the expression of the growth arrest-and DNA damage inducible-protein [97, 98] .
An example for a well-established cell line for use in in vitro toxicological assays is the HepG2 hepatoma cell line. This cell line preserved a sufficient level of physiological metabolism and is thus used as a model for liver in vivo conditions, representing a tool for the toxicological analysis of environmental toxins [99] . Another often-used general hepatoma cell line is the HepaRG line [100] . However, the list of commercially available cell lines still keeps growing, and ATCC currently offers more than 50 liver cell derivatives for culture, including TIB-73-TIB-76 murine (embryonal) hepatocytes [101] . Of specific interest for toxicological investigation of environmental xenobiotics may be the THLE-2 and THLE-3 cell lines, which show specific physiological features like robust expression of the aryl-hydrocarbon receptor (AhR) and NADPH cytochrome P450 reductase, making this line a useful model for toxicology of aromatic hydrocarbons and other environmental toxins [102] .
There is an overall scientific agreement that results from a single type of assay do not allow for a conclusive judgment on the genotoxic potential of a substance. Multiple tests have to be applied, and genotoxicity test protocols in industrial risk management are designed accordingly. Mutations and carcinogenicity caused by toxins or other environmental factors may already be seen as specific cellular endpoints, as the general viability and proliferation of cells is not necessarily compromised by these modifications.
Specific endpoints 3.2.1 Mutagenesis and carcinogenicity
A simple and fast method to estimate the carcinogenicity of a compound was found in the Ames test (OECD guideline T471), where the growth of auxotrophic (low-histidine) bacteria (Salmonella typhimurium) on agar-plates is observed in the presence of a selective culture condition [103, 104] . The number of revertant (His+) mutant colonies after exposure with a potential carcinogen can be determined. A similar test utilizing Escherichia coli and a tryptophan synthesis reverse mutation is also commonly applied and approved by the OECD (guideline T472) [105, 106] . Such tests are often applied as a preliminary test for potential carcinogenicity of substances. To add an aspect of eucaryotic/mammalian metabolism to these bacterial test systems, they can be combined with incubation of the test substance with a liver/microsome fraction (S9), to introduce a modification of the compound/xenobiotic by emulating liver metabolism. This type of assay is commonly known as the salmonella/microsome test [107, 108] .
As adherence-independent cellular growth is a hallmark of tumorgenicity, the soft agar colony formation assay is a well-established method for characterizing carcinogenicity in vitro and is considered to be one of the most stringent tests for malignant transformation in cells [109, 110] . In this assay, cells are cultured in agar layers of different density, not allowing for attachment to the surface of the culture container, but enabling the formation of cell colonies. As this test is generally only applicable in small scale experiments, the growth in low attachment (GILA) assay was introduced, that also allows for high-throughput screenings [111, 112] . In this test system, specifically-coated low-attachment plates are used for culture instead of agar double-layers.
Eucaryotic cell-based in vitro cancerogenicity assays have been introduced in form of cell transformation assays (CTAs) [113] . Already in 1960, Syrian hamster embryo cells (SHE) were utilized to test substances for their potential to induce neoplasia [114, 115] . In CTA, multiple neoplastic endpoints can be determined, representing the transition from normal to a fully-developed immortal cancer cell. Detectable indicators are thus represented by morphological changes, prolonged individual cellular lifespan, genetic instability, cell growth becoming independent of surface anchorage (see above), and full malignancy (as tested by injection into experimental host animals). For CTAs, SHE cells are still used [116] , but also BALB/c 3T3 mouse fibroblasts are commonly utilized [117] . To obtain a model that is cell-physiologicallyderived from the most interesting species, CTAs based on human cells are generally desired. However, human cells have been shown to require significantly more genetic events to elicit transformations, making humanbased CTA systems comparably insensitive [118] . This fact, among some general criticism about objectivity and comparability, might have prevented the broad and common establishment of human cell-based CTAs so far.
Toxin-or other environmental factor-induced mutations in cell populations may be detected by PCR or related methods [119] . The induced signal amplification (i.e. sequence multiplication), which represents the key principle of the PCR technique, makes it a generally nonquantitative method if not used in the form of real-time PCR (qPCR, RDT-PCR), where DNA is quantified by parallel fluorescence measurements.
The restriction site mutation assay (RSM) detects sequence regions that are not digested by restriction enzymes (because of a mutation) and are selectively amplified by PCR [120] . These sites can then be sequenced to determine the specific mutation. This test system has been shown to be quite sensitive, as it was able detect a single mutation within 10 8 wild-type genes [121] . A general challenge of RSM is the analytical separation of DNA lesions (DNA-adducts), which are typically observed shortly after toxin exposure, and DNA mutation, which might also be a direct consequence of these previous lesions. Optimized protocols have been suggested to obtain better separation between DNA adducts/lesions and mutations in RSM profiles [122] .
Examples for genotoxic positive control test substances are 4-nitroquinoline 1-oxide (4NQO) [123] and ethyl methanesulfonate (EMS) [124] , but there is no clear separation from effects observed by carcinogenic compounds, and a parallel loss of basal cell viability has also to be expected in such positive control cells. Carcinogenic substances used as positive controls in in vitro assays are TPA (12-O-tetradecanoylphorbol-13-acetate) [125, 126] , diethylnitrosamine (DEN) [127] , methylnitronitrosoguanidine (MNNG or MNG) [128] , benzo[a]pyrene [129] or methylcholanthrene [130] .
DNA methylation
Another, rather recently recognized aspect of compromised genetic information transfer has been introduced by the means of epigenetics. Heritable changes in encoding sequences of the genome can not only be induced by mutations, but also by changes in the DNA methylation pattern of cytosine residues. In vertebrates, high levels of basal methylation are normal and functional parts of the genome are rather specifically excluded. A number of substances has already been identified to elicit changes in DNA methylation patterns and to display toxic effects in broad range of cellular functions, including carcinogenicity, developmental and neuronal defects [131] . DNA methylation can be detected by more than a dozen of different methods and algorithms for selecting the right assay have been proposed to obtain the best possible result in a specific context [132, 133] . A well-known assay for testing modifications of known genes is the bisulfite conversion assay, where methylated cytosine residues within the DNA sequence are converted to uracil and this change is then detected by means of PCR [134] .
Teratogenicity and developmental toxicological endpoints
Possibilities to observe teratogenic developmental endpoints are limited in monoculture cell-based toxicological approaches, as the simplified situation in culture can only partially reflect the complex intercellular communication and remodeling in the process of embryonic development. Screening models [135] with specialized cell lines like embryonic carcinoma cells [136] , human embryonic palate mesenchymal cells [137] and mouse ovarian tumor cells or neuroblastoma cells [138] have been introduced, but only some of them have been successfully validated so far [139, 140] .
More consistent results were obtained using embryonic stem cells to evaluate the effects of toxins on either the progress of differentiation or to compare their sensitivity (viability) to cells from matured tissue [141] [142] [143] [144] . These cells can be cultured in form of aggregates or micromass cultures where cell functions like adhesion, movement, communication and division are kept intact at a basal level [145] . In the embryonic stem cell test (EST), embryonic murine mouse stem cells are cultured in form of cell drop aggregates, forming embryoid bodies (EB). Typically, cells from treated and untreated EBs are analyzed morphologically for beating centers (that may appear in developed embryonic cardiomyocytes after 10 days of culture) and for changes in the gene expression of specific proteins [146] . This assay is labor intensive and requires a time-consuming evaluation for beating cells, and thus not well suited for high-throughput screenings.
Cellular protein markers
Protein analysis methods are offering tools to focus on very specific toxicological endpoints in cell-based in vitro assays. Previous limits for their use in larger scale approaches, mainly caused by time-consuming underlying detection methods, are getting softened by recently-introduced techniques in the wake of proteomics, like cell-free IG-based microarrays, protein-chips and multiplex bead assays.
However, in small scale investigations and specifically when a direct quantification of cellular protein content is required, western blotting still represents the most common form of protein profiling. On the RNA-level, quantitative PCR (qPCR, real-time PCR) is utilized to compare the expression of specific genes. There are a large number of possible cellular endpoint proteins, which may be regarded as readout parameters, depending on the given toxicological context. However, some protein markers of basal and specific pathways are frequently investigated in toxicological in vitro assays.
Even mild toxicity effects might be detectable by quantification of cellular stress (stress-activated protein kinases, SAPK) and p38 MAP kinase activities. These MAP kinases are activated in response to a number of cellular stress factors including inflammatory cytokines (e.g. Interleukin-1, Il-1) and tumor necrosis factor-alpha (TNF-alpha), heat, chemical shock, bacterial endotoxin as well as ischaemia/cellular ATP depletion and reactive oxygen species (ROS). In western-blot experiments, SAPKs activity is typically investigated by quantitative comparison of phosphorylated (activated) versus nonphosphorylated cellular kinase content, as conjugated detection antibodies for both forms are commercially available. Common targets are c-Jun N-terminal kinases (JNK) and p38, but also the Jak and STAT proteins and the expression of the AP-1 transcription factor. However, determination of sensitive pathways, like those of SAPKs, requires very controlled and stable cellular culture conditions. For many cell types (especially for cells of the immune-system), density-dependent intercellular communication in culture dishes or flasks has to be considered as an important factor [147, 148, 149] . Further cellular stress indicator proteins are found in heat shock proteins (HSPs) that are also involved in apoptotic pathways, and glucose regulated proteins (GRPs) that act as important molecular chaperones, binding malfolded proteins and unassembled protein complexes.
In consistence to their physiological tasks, drug metabolizing enzymes (DMEs) are frequently utilized as experimental endpoints in a toxicological context [150] . They can be assigned to one of two groups, the above mentioned NADPH-cytochrome P450 reductase system (phase I of drug metabolism) and UDPglucuronosyltransferases (UGTs, phase II). Enhanced expression of both proteins/protein family members are considered as indicators of ongoing cellular detoxification efforts [151] .
Specifically in studies analyzing metal-induced cellular toxicity, the relative abundance of metallothioneins (MTs) [152] can be used as indicators of cellular responses to potentially toxic metals like copper, zinc, and cadmium [153, 154] . However, in the given experimental context it has to kept in mind that MTs are multi-functional proteins and are also responsible for radical scavenging and physiological metal storage, and apparently also have a protective role in apoptosis [155] .
Expression levels of ROS scavenger proteins, like gluthathion (GSH : GSSG ratio) [156, 157] and activities of gluthathion peroxidase (Gpx) [158] , superoxide dismutase (SOD) [159] , glutathione S-transferase (GST) [160] and catalase [161] , which comprise the cellular line of defense against rising oxidative stress, may be used to detect and indirectly quantify ROS-induced effects. These effects may ultimately lead to lipid peroxydation, membrane dysfunction, DNA damage, and inactivation of proteins, which can be used as direct measurement endpoints if their underlying pathway is known. In addition, there are several secondary marker proteins of oxidative stress that can be quantified, including inducible nitric oxide synthase (iNOS) [162] , interleukin-8 (IL-8), intercellular adhesion molecule-1 (ICAM-1) [163] , transcription factors like NF-kB [164] , Egr-1 [165] and AP1 (c-jun/c-fos) [166] , cyclo-oxygenase-2 (COX-2) [167] and NH-2 -terminal kinase (JNK) [168] .
Ligand-receptor interactions
Of specific interest in the field of environmental toxicology, and an important methodological approach for deciphering molecular pathways in cells, is the analysis of ligand-receptor interactions. Several environmental toxins have been shown to bind to cellular receptors and induce their effects by either non-physiological stimulation or inhibitory replacement of native ligands [155, 169, 170] . The detection of these interactions and the determination of the binding kinetics is an important task for in vitro assays. Cell-free techniques are frequently used for extensive drug and toxin screenings, but there are also methods for binding studies in living cells. Assays for ligand-receptor binding mainly use radioactivity-or fluorescence-labeled ligands, which are accordingly quantified in samples after incubation and following washing steps. Radioactively labeled ligand binding to receptors can be tested by increasing the amount of ligand, or by additional administration of unlabeled ligand, to gain information about receptor density and affinity. Multiple ligands may be analyzed by a competition binding assay, where the competing ligand is added to obtain increasing experimental concentrations [171] . Several fluorescencebased forms of binding assays have been introduced, but many of them are mainly applied in cell-free screening systems. Some fluorescence-based binding assays performed in cells utilize the increase in polarization of light as a readout, which indicates the loss of rotational freedom after binding (fluorescence polarization assay) [172] . Both ligand and receptor labeling is required for Förster resonance energy transfer (FRET) detection, where energetic exchange between the two close fluorophores in proximity elicits a detectable intensity shift in donor and acceptor emission [173] .
Immunological endpoints
Protein expression may also be utilized as an endpoint to quantify immunological responses in vitro. Potential targets are pro-inflammational cytokines or cell surface marker proteins of immunologically activated cells, like CD54, CD80, CD86, or the MHC receptor. In addition to these rather global markers of immunological responses, functions of specialized immune cell types can be quantified by in vitro assays. For example, mast cell degranulation by the calorimetric hexosaminidase assay, utilizes the enzymes from released granulae to catalyze the transformation of the substrate (p-nitrophenol-N-acetyl-beta-D-glucosaminide) to a colored and photometrically-quantifiable product [174] . This cellular readout has also been proposed for an allergen detector system in IgE-sensitized rat basophilic leukemia cells [175] . However, there are no well-established and validated cell-based in vitro assays for xenobiotic allergenity, and current commonly-used tests are limited to cell-free enzyme-linked immunosorbent assay (ELISA), radio-allergosorbent test (RAST), or simple in vivo skin tests. Macrophage phagocytosis can be quantified by visualizing the accumulation of fluorescence-labeled bioparticles in these cells. As phagocytosis is generally a receptor-controlled process, bioparticles used in such assays can be optimized for phagocytosis, for example by prior opsonization with IgG [176] .
Calcium signals
Cellular calcium signals are involved in many critical cellular pathways that have been shown to be sensitive to toxins in several examples [177, 178] indicator (GECI) proteins (for example chameleons, pericams, TN-L15) [181, 182] . These Ca 2+ indicators can be used to visualize and quantify Ca 2+ concentrations even in subcellular spaces by microimaging. Using the patch-clamp technique, Ca 2+ permeation by cellular ion channels can be analyzed in detail. Representing the primary targets of many drugs, sophisticated techniques of ion channel function analysis are available, which can be also utilized to observe the effects of environmental toxins. Cellular calcium signals involve highly sensitive and tightly-regulated pathways, which finally define their toxicological relevance. Thus, calcium signal endpoints as toxicological cellular readouts have to be seen as elements of specific pathways that need to be known, defined and controlled in in vitro experiments.
Conclusions
The current palette of cell culture-based methods and protocols offer many useful approaches to identify the toxicological effects and/or effect mechanisms of environmental agents. More promising in vitro tools and protocols are currently under development for future applications. Cell-based toxicity test systems have clear limitations, some of which are due to the simplified environment in comparison to tissue and organs. Some are caused by specific physiological adaptations of cells in culture and their special requirements. Valid dose-response predictions for humans are difficult to obtain by in vitro experiments, and require input from parallel in vivo or mathematical methods. However, for environmental xenobiotics, the combined analysis of actual exposure and epidemiologic consequences may well provide indicators for the estimation of scaling factors. Considering the existing options and limitations of cellular in vitro toxicological approaches, these methods claim a significant portion within a methodological scale that spans from the ethically-limited and quite difficultto-control human system, over animal experiments, to the ethically-irrelevant and total parametric control of computer-based models and simulations. Cell-based systems are therefore often the ideal experimental environment to dissect the molecular mechanisms of toxin-induced effects, and to pinpoint critically-affected elements and pathways of cell physiology. This makes the versatile scientific discipline of cell-based in vitro assays an essential methodological approach for the determination of relevant biomarkers in biomonitoring.
